The A × C BC 2 NILs were grown under controlled environments. Seeds were sown in 1 3 9 January 2014 and grown in an unheated but daylength-controlled glasshouse and therefore 1 4 0 fully vernalized at 6-10 o C using natural vernalization, under short days (SD, 10h light) for 1 4 1 eight weeks. The plants were then grown at 13-18 o C under two photoperiod treatments SD or 1 4 2 long days (LD, 16h light)). Plants under SD and LD were grown with natural light for 10h 1 4 3 and the LD plants had an additional artificially extended photoperiod of 6h using tungsten 1 4 4 bulbs. We used eight 60W tungsten lamps spaced 90 cm apart and 2.1m above the plants; Cadenza introgression). To verify that the NILs had been adequately vernalized, five plants 1 4 9 each of the winter wheat cultivars Claire, Malacca and Hereward were grown as controls. Hereward flowers more than 30 days later than Malacca and Claire when incompletely 1 5 1 vernalized for four weeks and this was associated with copy number variation at Vrn-A1 1 5 2 (Diaz et al., 2012) . Days to ear emergence (Hd) was scored as the number of days after the 1 5 3 28th of April when the ear was more than 50% emerged from the flag leaf on the main shoot 1 5 4 and corresponding to Zadoks stage 55 (Zadoks et al., 1974) . Data was evaluated using two-1 5 5
way ANOVA in which the interaction between treatment and allele was included in the 1 5 6 model. ANOVA was performed using Genstat 16 th edition (VSN International). For the controlled environment experiments, 32 out of 76 chromosome 3A recombinants 1 6 0 were selected based on the extent of the Avalon introgression. The plants were grown under 1 6 1 different vernalization treatments (0, 4 , 6 and 8 weeks under SD at 6 o C) and then transfered 1 6 2 to LD photoperiod (as described above). The plants were grown in a randomized complete 1 6 3 block design with three replicates for each treatment. The mixed model used included 1 6 4 treatment, allele and the interaction between treatment and allele as fixed factors, and blocks 1 6 5 as a random factor. Blocks were considered random factors in the model in order to recover inter-block information due to the presence of missing values. The mixed model was fitted was recorded as days to ear emergence (Hd). In this case, Hd indicates the difference between 1 6 9 days from 50% ear emergence and the day that plants were transferred from the vernalization 1 7 0 treatment to LD. The winter wheat cultivars Claire, Malacca and Hereward were also grown 1 7 1 under these conditions as controls. The NILs (NIL-A and NIL-C) were used to determine which developmental phases were 1 7 5 affected by the 3A QTL. NIL-A (carrying the Avalon introgression in the QTL region) and 1 7 6 NIL-C (carrying the Cadenza introgression) came from the AC179-E27-2 stream (Farré et al., 1 7 7 2016). Plants were vernalized for 8 weeks at 6 o C under SD and then transferred to a 1 7 8 glasshouse with a temperature around 18 o C and LD photoperiod. Apices were dissected from 1 7 9 three randomly selected plants of each NIL every 2-3 days and examined under a light 1 8 0 microscope. This allowed the time from sowing to double ridge (S-DR), double ridge to 1 8 1 terminal spikelet (DR-TS) and from terminal spikelet to heading (TS-HD) to be determined, 1 8 2 following the scales proposed by (Kirby and Appleyard, 1987) . Hd was scored as above. between a trait and the genetic markers in the QTL region. P-values were calculated from the 1 8 7 t-statistics. Box-plots were plotted using function boxplot in R. Seventy six recombinant BC 2 F 4 lines were phenotyped in two field experiments (spring-sown 1 9 2 and autumn-sown) and under controlled environments. Field trials were conducted at Church 1 9 3 Farm, Bawburgh, Norfolk, UK, in 2013 (spring and autumn sown). Details of meteorological 1 9 4 conditions are given in Supplementary Fig. S1 . Experimental design followed a randomized 1 9 5 complete block design with three replicates. Plots consisted of 4 rows, 1m long and 12cm 1 9 6 apart and grown according to standard agricultural practice, except that plant growth 1 9 7 regulators (PGRs) were not applied. The trial included both parents (Avalon and Cadenza) 1 9 8 and NIL-A and NIL-C in each replicate. Hd was assessed in thermal time ( o C d, using a base 1 9 9 temperature of 0 o C). Ht was measured from soil level to the tip of the ear (cm). None of the 2 0 0 material was awned so this is not a complicating feature in the description of height. These were mainly KASP markers selected from the integrated 3A genetic map at CerealsDB 2 0 7 (http://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/kasp_mapped_snps.php) or KASP 2 0 8 markers derived from iSelect markers (Avni et al., 2014) . Marker information can be found at 2 0 9 CerealsDB 2 1 0 (http://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/iselect_mapped_snps.php). Methods for genotyping with SSR and KASP assays used have been described previously in 2 1 3 and (Zikhali et al., 2014) with the precise conditions used dependant on 2 1 4 the specific primer pairs. Linkage analysis was performed using JoinMap® version 3.0 2 1 5 (Ooijen and Voorrips, 2002) , using the default settings. Linkage groups were determined 2 1 6 using LOD threshold of 3.0 and genetic distances were computed using the Haldane mapping 2 1 7 function. Genstat 16 th edition was used for QTL detection and to estimate QTL effects using 2 1 8 single marker analysis and the composite interval mapping (CIM) function. Primers were designed to amplify the A-genome homoeologue of these candidates. PCR and 2 2 5 sequencing reactions were carried out following the methods described by (Zikhali et al., to identify SNPs. This approach identified an additional cohort of candidate genes from which new KASP markers were generated as above, where possible. Three recombinants from either the extreme early individuals (Avalon allele) or late the Avalon or Cadenza alleles, respectively, for height. Plants were vernalized for 8 weeks at DNase Set (Qiagen). RNA purification was performed using the RNeasy ® kit (Qiagen), 2 4 6 according to the manufacturer's protocol. Equivalent amounts of RNA from the three early or 2 4 7 late recombinants were mixed to produce each RNA bulk sample. The resulting reads were mapped to the wheat reference sequence using the RNAseq aligner 2 5 2 STAR, with all default parameters chosen. The resulting BAM files were then processed with 2 5 3 SAM tools and analysed using default parameters in Cufflinks, with reads being mapped to 2 5 4 the reference sequence in FASTA format and reference annotation in GFF3 format. The
The effect of the 3A Hd (Griffiths et al., 2009) , Ht (Griffiths et al., 2012) , and GY (Ma et al., 2 7 4 2015) QTL has been validated using the same isogenic materials under UK field conditions 2 7 5 (Farré et al., 2016) . It is important to understand whether the 3A phenology effects are 2 7 6 conditioned by sensitivity to photoperiod or vernalization. BC 2 NILs segregating for the 2 7 7 QTL region between wmc505 and wmc264 were assessed for Hd under controlled 2 7 8 environments with fixed photoperiods and after a saturating vernalization treatment. In the 2 7 9 photoperiod experiments, the Avalon 3A NILs headed significantly earlier then the Cadenza To quantify vernalization response 32 out of the 76 recombinants used for fine mapping were Cadenza allele for all vernalization treatments ( Fig. 1B) . Overall a saturating vernalization heading date was highly significant (p=<0.001) but there was no significant interaction 2 9 1 between allele and vernalization treatment (p=0.192). However, the mean difference in 2 9 2 heading date does increase with a longer duration of vernalization up six weeks. From this we 2 9 3 conclude the 3A Hd QTL is not involved in vernalization sensitivity and, taken together with 2 9 4 our day length response data, confirms the designation of the 3A Hd effect as earliness per se 2 9 5 (eps) which is most strongly expressed in fully vernalized plants. To determine which developmental phases were affected by the 3A eps gene, the time from 2 9 9 sowing to heading was divided into three phases: from sowing (S) to double ridge (DR), from stream. The differences between them were two and one days from S to DR and DR to TS, In order to compare the segregation of Ht and Hd at the 3A locus, 76 recombinant BC 2 F 4 3 1 0 lines derived from crosses of NIL-A and NIL-C with Paragon were phenotyped in two field degree days to heading for NIL-A and 990.0 and 1681 mean degree days to heading for NIL-3 1 5 C in spring and autumn-sown, respectively). However, only the autumn-sown experiment 3 1 6 showed a significant difference (p-value=0.017) in mean degree days to heading of the NILs for the 3AS QTL. In contrast, the height difference between NILs was significant in all In order to refine the genetic interval containing the Hd, Ht, and ultimately GY effects, the 3 2 2 NIL parents and 76 recombinant BC 2 F 4 lines were screened using 65 KASP markers. These data were used to perform QTL analysis for the BC 2 F 4 population for heading date and height detected in the 3A region. The peak marker for Hd was BS00021976, which showed a 36.15% of the phenotypic variation in heading date under field conditions. Ht is controlled by 3 3 0 an independent QTL with the peak marker BS00022844 (which co-segregates with 3 3 1 BS00003801, Fig 5) , again the allelic direction is the same as for the NILs with Cadenza Sorting a subset of the recombinants according to Hd (early to late) from the autumn-sown level from the RNAseq analysis. Supplementary Table S1 shows the full gene content for the 3 5 0
Ht and Hd regions. in Ht form an interesting group around the QTL peak marker (Table 1 ). The clustering could Networked 1A appears to have been duplicated at this locus as the two transcripts are quite 3 5 9 different. The first copy is very well conserved between Cadenza and Avalon while the Transcriptomic analysis also shows expression level differences between some Avalon and Cadenza alleles in the cluster; most notably TraesCS3A02G093500, a Xyloglucan marker was used for QTL mapping it did not associate with Hd and was mapped genetically indicates the presence of an unannotated GSK3/SHAGGY-like kinase pseudogene but we 4 1 4 suggest this sequence must either incomplete or more likely that a duplicated copy of TaSK5 4 1 5 is found at this location in Avalon as the CS sequences are not homologous enough to 4 1 6 amplify the marker. In addition there is another SHAGGY-like kinase at 114 Mb, which 4 1 7 appears to be functional but again has insufficient homology be amplified by the SNP2 4 1 8 marker. We therefore propose that the copy at 102 Mb has the exon 4 SNP, but in not 4 1 9
involved in Hd, and the copy at 169 Mb, which has in 3'UTR SNP, can be considered a Cadenza. In addition we suggest there has been a rearrangement around the Hd QTL as there 4 2 2 is a divergence in the expected order of markers from the CS sequence when arranged 4 2 3 according to genetic rather than physical distance (see Figure 5 ). Cadenza. Expression of the gene is higher in Avalon and higher expression of FT2 has been 4 3 1 shown to cause earlier flowering in (Shaw et al., 2019) . Eight informative recombinants were grown together with 3A NIL controls and the parents were repeated with Cadenza alleles at the 3A locus resulting in a crop which was later 4 4 2 heading (by one day) and taller (11.7cm). The following season the direction of allelic effect 4 4 3 stayed the same for these two traits but was reduced to 0.67 days for Hd and 10.2 cm for Ht.
4
For GY, the Cadenza allele conferred an increase in H2016 which was driven by grains per 4 4 5 unit area, as was the case for Farre et al (2016), but there were no GY difference between the 4 4 6
NILs for H2017, for this reason the effect of the locus on GY was only analysed using H2016 is seen for markers closer to the Hd locus. Single marker regression showed that 4 5 1 XBS00021976 was most significantly associated with grains per unit area (p value 0.17) and there is correlation between traits associated with each process. This correlation can be seen at the molecular level with the same gene affecting stem extension, phenology, and GY, for 4 6 0 example Ghd8 in rice (Yan et al., 2011) . However, we show that the Ht and Hd QTL 4 6 1 collocated on chromosome 3A (Griffiths et al., 2009; Griffiths et al., 2012; Ma et al., 2015) 4 6 2 are genetically linked but independent effects. We have used genetic recombination to 4 6 3 separate them, effectively developing sets of sub-NILs which display height and heading 4 6 4 differences in isolation. This opens the way for the independent selection of these loci in contributing to the GY QTL which we had previously shown to collocate on chromosome 3A. Our data shows that GY is a pleiotropic effect of the Ht locus but the proposition that the 4 7 1 GY and Hd increasing alleles of Cadenza belong to the same gene is plausible. In spite of these large gene numbers analysis of known function, polymorphism between 4 8 0 Avalon and Cadenza, and expression level differences did support the proposal of gene 4 8 1 candidates for the 3A QTL complex that we had set out to dissect. occurring without environmental interaction seemed unlikely. Indeed, we showed that EPS-5 4 2 D1 exhibits a strong interaction with temperature (Ochagavía et al., 2019) and it seems likely 5 4 3 that this is also the case the 3A Hd effect described here, that should probably be named EPS- Table S1 . Expression level differences for predicted genes of whole 3A locus 
